Introduction
Ion-selective electrodes (ISEs) are versatile devices with a wide variety of chemical and medical applications in the analysis of inorganic [1] [2] [3] [4] [5] [6] [7] and organic ions. [8] [9] [10] The increasing use of ion sensors in the fields of environmental, agriculture, industrial and medicinal analysis is putting more and more pressure on analytical chemists to develop new sensors for fast, accurate, reproducible and selective determination of various species. Lead is a trace heavy metal of major interest in environmental protection owing to its cumulative toxicity. Lead is still emitted into the biosphere in considerable amounts owing to its applications as a fuel additive. Environmental lead results in a serious and well known health risk to animals and humans. 11, 12 The presence of trace amounts of lead in many industrial streams is also undesirable, mainly because it may eventually be passed onto a food or other product used or consumed by people. 13 Hence, the development of new methods for selective separation, concentration and determination of lead [14] [15] [16] [17] in submicron levels is still a challenging task. In recent years, various methods for determining of Pb 2+ such as spectrophotometric method, 18 atomic absorption spectrophotometry, 19, 20 electrothermal atomic emission spectrometry, [21] [22] [23] inductively coupled plasma atomic emission spectrometry (ICP-AES), [24] [25] [26] and mass spectrometry (MS), [27] [28] [29] have been developed. However, these methods required expensive instruments, wellcontrolled experimental conditions, and frequent maintenance and calibration. The potentiometric sensors on the other hand, have the advantages of easy and convenient fabrication, enhancing sensitivity, good selectivity and low cost and they are widely used in analytical chemistry. In this paper, the Schiff base complex of Pb(II) synthesized in our laboratory was incorporated into a plasticized PVC membrane to prepare a membrane with high sensitivity and reproducibility toward Pb 2+ cation. The developed membrane was used in the preparation of coated graphite rod, coated copper wire and PVC conventional lead electrodes.
Experimental

Apparatus
All potentiometric measurements were performed at 25 ± 1˚C using a digital Hanna pH/mV meter (Model 8417) with bis-(acetylacetone)-p-phenylenediamine PVC-based lead sensor in conjunction with a single-junction Ag/AgCl reference electrode containing 10% (w/v) potassium chloride in the outer compartment. A combined glass pH electrode (Hanna HI 1131B) was used for all pH measurements. Freshly prepared 10 -1 mol l -1 lead nitrate solution was diluted to 1 × 10 -2 -1 × 10 -6 mol l -1 using variable Epindorf micropipettes. Standard measurements of lead concentration were performed using an atomic absorption spectrometric method (Hitachi, Z-8100 polarized Zeeman atomic absorption spectrophotometer).
Reagent and materials
All chemicals were of analytical reagent grade unless otherwise stated; doubly-deionized water was used throughout. Poly(vinyl chloride) powder, dioctylphthalate (DOP), potassium phosphate dibasic and potassium phosphate monobasic were obtained from Aldrich Chemicals Co. p-Phenylenediamine was obtained from Merck. Acetylacetone, chloroform and methanol were obtained from Adwic. Tetrahydrofurane (THF) and lead nitrate were obtained from Fluka AG (Buchs, Switzerland). A freshly solution of 10 -1 mol l -1 lead nitrate was prepared by dissolving 3.30 g in 100 ml of potassium phosphate dibasicpotassium phosphate monobasic buffer solution (0.05 mol l -1 pH 6.5). 
Preparation of Schiff base complex ionophore
The solution of 1,4-phenylenediamine (3.00 g) in 100 ml CHCl3 was added to a stirred solution of freshly distilled acetylacetone (5.55 g) in 100 ml CHCl3 over a period of 2 h. Stirring was then continued for 4 h at room temperature. The solvent was reduced to half of its volume by using a rotatory evaporator. A yellow solid was precipitated by the addition of a few drops of diethylether. The product was filtered off and crystallized from hot methanol. The filtrate was cooled for several hours in an ice-bath and the fine crystals of the ligand thus obtained were washed with small amounts of cold methanol and dried in vacuo over anhydrous calcium chloride. A solution of (0.50 g) ligand in 50 ml of methanol was added to a solution of Pb(NO3)2 (0.60 g) in 75% (methanol/water) (50 ml). The obtained precipitate was filtered, dried and washed several times with methanol. This ionophore was used for the preparation of the membrane electrode. In a such membrane the Schiff base complex Pb(II) can coordinate thorough both nitrogen and oxygen atoms. 30 
Preparation of electroactive membrane and [LPb(NO3)2]H2O based electrode
The membrane mixture was prepared by mixing a 0.01 g of the [LPb(NO3)2]H2O complex ionophore with 0.35 g of dioctylphthalate plasticizer, 0.19 g PVC and 6 ml THF in a 25 ml glass beaker. This membrane mixture was used in the preparation of conventional membrane, coated graphite rod and coated copper wire-based electrodes. The clear solution of the membrane mixture was poured into a glass dish (5 cm diameter) resting on a glass plate and left overnight at room temperature for solvent evaporation. The resulting membrane was peeled from the glass plate. A disc of 0.8 cm i.d. was fitted at one end of PVC tube and used as a conventional electrode. A solution of 0.01 mol l -1 Pb(NO3)2 and 0.01 mol l -1 KCl was used as an internal solution and a silver/silver chloride coated wire was employed as an internal reference electrode.
A similar membrane mixture was prepared and transferred to a sealed small tube (3 ml). A graphite rod and the copper wire (4 cm length) used as a conducting substrate were individually dipped in the membrane coating mixture and, after evaporation of the solvent, the procedure was repeated until a uniform layer of the membrane was obtained on the rod and the wire. The three electrodes were initially conditioned by soaking in a 1 × 10 -3 mol l -1 lead nitrate overnight. Between measurements, the electrodes were washed with doubly distilled water. When not in use, the electrodes were stored in 1 × 10 -3 mol l -1 lead nitrate.
Analytical characterization and electrode application
The electrode potential was measured at 25±1˚C with lead nitrate solution covering the range 1 × 10 -1 -1 × 10 -6 mol l -1 , by transferring 10 ml of these solutions to 25 ml beakers, followed by immersing the [LPb(NO3)2]H2O-based sensor in conjunction with a single junction Ag/AgCl reference electrode in each solution. The solutions of all concentrations were always freshly prepared immediately before measurements and were stirred during measurements. The potential readings were,
recorded after stabilization (±0.5 mV) and the mV value was plotted as a function of the logarithm of the lead ion concentration. The proposed electrode was used in the quantification of lead in different samples. These samples were also determined by the atomic absorption spectrometric method for comparison.
Selectivity coefficient measurements
The selectivity of the electrode was investigated in solutions of several inorganic cations (Cr 3+ ) using the separate solution method described elsewhere. 31, 32 The selectivity coefficients values were calculated using Eq. 
Here, EPb2+ and EB are the observed potentials (mV) for the same concentration of Pb 2+ ion and interfering ionic species, respectively, aPb2+ is the activity of Pb 2+ , ZA and ZB are the charge number of lead and the interfering ion B, respectively.
Response time measurements
The response time of the proposed sensor was measured by the spiking calibration method, based on inducing a rapid change of an intensively stirred 1 × 10 -6 mol l -1 lead nitrate solution by injecting a more concentrated lead nitrate solution of 1 × 10 -1 mol l -1 . The concentration of lead was increased by adding aliquots of a standard solution of lead nitrate to 10 ml of stirred test solution, with a micropipet. The potential readings were recorded against time (min).
Results and Discussion
Concentration range and slope
Three different [LPb(NO3)2]H2O-lead electrodes based on three different substrates (conventional membrane, coated graphite rod and coated copper wire) were prepared. The electrochemical behavior characteristics of these electrodes were evaluated according to IUPAC recommendations. 32 The results obtained (Table 1) reveal that the coated graphite rod based lead electrode provides the optimum potentiometric response characteristics.
The developed coated graphite rod [LPb(NO3)2]H2O-based lead electrode provides a linear response to the concentration of Pb 2+ ion in the range of 1 × 10 -5 -1 × 10 -1 mol l -1 with a cationic slope of 30.0 ± 0.2 mV per concentration decade (Fig. 1) . The limit of detection determined from the intersection of the two extrapolated segments of the calibration graph was 2 × 10 -6 mol l -1 . The standard deviation of ten replicate measurements is ± 0.5 mV. The coated graphite rod electrode prepared could be used for at least 2 months without any measurable divergence. Moreover, the membrane can be easily regenerated daily by dipping the graphite rod in the stock solution of membrane coating mixture. The higher value of the slope (30.0 ± 0.2 mV per decade) has also indicated the absence of any anion effect, 34 such as is commonly observed in lead electrodes based on PVC.
Effect of pH
The influence of the pH of the test solution on the potentiometric response of the developed electrode was tested in the pH range 2 -10 for solutions of 1 × 10 -3 and 1 × 10 -2 mol l -1 of Pb 2+ ions. As shown in Fig. 2 , the potential was independent
of pH in the range of 4 -8. At pH values above 8, the potential decreases due to the formation of lead hydroxide in solution, 35 while at a lower pH, potential increases, indicating that the electrode responds to hydrogen ion. In all the experiments, the pH was adjusted with nitric acid or sodium hydroxide solution.
Response time and stability
The practical response time of the electrode was investigated by changing the Pb 2+ concentration in the test solution over a concentration range of 1 × 10 -1 -1 × 10 -6 mol l -1 . The actual potential versus time traces are shown in Fig. 3 . As can be seen, over the whole concentration range the electrode reaches its equilibrium response in a very short time (30 s). The sensor also exhibits good reproducibility and stability of the potential over 2 months, provided that the sensor was stored in 1 × 10 -3 mol l -1 lead ion solution when not in use. The calibration slope revealed no significant change with time over the period studied: 2 months. The response time and the calibration curve have clearly indicated that the sensitivity and selectivity of the membrane are superior.
Potentiometric selectivity coefficients
The selectivity coefficients of the proposed membrane selective electrode were determined against a number of interfering ions using the separate solution method 31, 32 with fixed 10 -3 mol l -1 test solution of both lead and interferant ions. The obtained data (Table 2) show that the sensor exhibits good selectivity coefficient values for lead ion over most of the tested common species.
Analytical applications
The reliability of the [LPb(NO3)2]H2O coated graphite rod based electrode for quantification of lead ions were performed by determining lead content in some samples and standard solutions of lead nitrate using a calibration graph formed at the same conditions. The lead content of the tested solutions was also determined by atomic absorption spectrometric method for comparison. The results obtained (Table 3) show an average recovery of 96.5 ± 0.5%, and a mean standard deviation of 1.2% (n = 8).
Conclusion
A new sensitive ion-selective electrode for Pb 2+ ions based on a Schiff base complex of Pb 2+ has been developed. The electrode exhibits fast response, wide independent range of pH, high sensitivity and selectivity for lead ions. The electrode shows a Nernstian response to Pb 2+ ions over a wide concentration range (1 × 10 -1 -1 × 10 -5 mol l -1 ) without significant interferences from some tested common cations. The proposed Pb 2+ electrode was successfully applied to the direct determination of Pb 2+ ions in some lead samples. The results agreed with those given by an atomic absorption spectrometric method. 98.0
